THE POLYCYSTIC OVARIAN SYNDROME (PCOS) is the most common endocrine disorder in women of reproductive age, is considered to be a form of metabolic syndrome (MetS), and is characterized by reproductive abnormalities (51) . Like women with MetS, women with PCOS have visceral adiposity, enlarged adipocytes, hypoadiponectinemia, insulin resistance, and hypertension (17, 32) . The sympathetic nervous system is believed to play a role in the pathogenesis of both PCOS and MetS (22) . Women with PCOS and MetS display increased sympathetic tone (48) . Furthermore, PCOS and MetS are believed to have a common developmental origin in which maternal androgen excess during pregnancy programs both the reproductive and metabolic abnormalities of the offspring (1, 51, 52) . First, adult women with prenatal androgen excess due to adrenal hyperplasia or virilizing tumors develop PCOS-like reproductive symptoms, central obesity, and insulin resistance despite normalizing androgen excess with treatment after birth (5, 23) . In addition, female rhesus monkeys exposed to prenatal androgen excess manifest a predominant abdominal visceral fat accumulation during adulthood that reflects a masculinized pattern of fat accumulation (15) . Similarly, perinatal testosterone exposure increases adiposity in adult female rats (3, 38) . Given the emergence of environmental substances with androgenic actions in fetal androgenization (10, 25) , the question arises as to whether developmental androgen excess can program the cardiometabolic features of PCOS. Since developmental testosterone exposure masculinizes the structure and function of the hypothalamus in females (4, 33, 36, 37, 47, 50) , the question also arises as to whether developmental androgen excess programs masculinization of metabolism. Using a mouse model, we reported previously that neonatal androgenization of female mice masculinized the organization of proopiomelanocortin neurons and induced cellular leptin resistance to upregulate the anorexigenic neuropeptide proopiomelanocortin, thereby resulting in failure of leptin to suppress food intake (41) . In this report, we further explored the phenotype of mice neonatally androgenized with testosterone to understand the role of developmental androgen excess in the metabolic abnormalities of women with PCOS. We addressed two questions. 1) In females, does developmental androgen excess program a masculinization of metabolism that is focused on lean and adipose tissues? 2) Does developmental androgen excess program increased sympathetic tone?
MATERIALS AND METHODS
Experimental animals. Female mice exposed neonatally to testosterone and control mice were produced by injecting C57BL/6 pups with testosterone (100 g/pup; Steraloids, Newport, RI) or vehicle subcutaneously in sesame oil (Sigma-Aldrich, St. Louis, MO) at neonatal days 1 and 2, as described previously (41) . Control pups of the same age were injected with vehicle in sesame oil. Mice were studied on a standard rodent chow. For steroid hormone treatment studies, testosterone ( Measurement of adipocyte size and number. Perigonadal (PG) adipose tissue was fixed in 10% formalin (Sigma-Aldrich), embedded in paraffin, sectioned, and stained with hematoxylin and eosin. Adipocyte surface area was quantified from hematoxylin and eosinstained adipose tissue sections using Image J software (National Institutes of Health, Bethesda, MD). The mean adipocyte surface area (size) was calculated from 600 cells/mouse. The relative adipocyte number was then calculated by dividing perigonadal fat pad weight by the mean adipocyte size in each mouse. We used an average of four mice per group.
Euglycemic hyperinsulinemic clamp. The rate of whole body glucose utilization (mg·kg Ϫ1 ·min Ϫ1 ) was determined in hyperinsulinemic euglycemic conditions (5.5 mM) as described. 3 H]3-glycerol can then be incorporated into triglycerides. The labeled triglycerides are extracted using a chloroform-methanol extraction procedure. The adipose tissue or liver is grounded into liquid nitrogen and mixed for 15 min at ϩ4°C in a chloroform-methanol (2/1) buffer. The mix is then centrifuged and the supernatant evaporated to dryness. Once dried, the samples were resuspended into isopropanol and sonicated to ensure a proper dissolution. In such conditions, free glucose and glycerol were not included in the lipid fraction. An aliquot of the latter was sampled, and the tritium content was assessed using an appropriate counter. The total content in triglyceride was assessed using a sample of the lipid fraction.
Norepinephrine turnover study. Mice (n ϭ 18 -20/group) were used for norepinephrine (NE) turnover measurements using the ␣-methyl-p-tyrosine (␣-MPT) method. Basal levels of NE were determined for one-third of the animals in the groups that were not treated with ␣-MPT and euthanized (time 0), and tissues were harvested for subsequent measurement of NE content. The remaining mice (n ϭ12-14/group) were injected intraperitoneally with ␣-MPT (250 mg of ␣-MPT/kg; 25 mg/ml) between 0800 and 1000. One-half of the mice remaining in each group were euthanized at 3 h and the other half at 6 h. Tissues were removed, frozen in liquid nitrogen, and stored at Ϫ80°C until assayed for NE content.
Extraction and analysis of tissue NE. For NE analysis, the organs were weighed and homogenized in iced 0.2 N perchloric acid containing 1% Na 2S2O5 (by weight) and 1 mmol/l EDTA in a Polytron homogenizer (Brinkmann Instruments, Westbury, NY) to extract the catecholamines. After addition of the internal standard, 3,4-dihydroxybenzylamine (Sigma-Aldrich), catecholamines were isolated from the perchloric acid extract by adsorption onto alumina (Woelm neutral; ICN Nutritional Biochemicals, Cleveland, OH) in the presence of 2 mol/l Tris(hydroxymethyl)-aminomethane buffer (pH 8.7; Sigma-Aldrich) containing 2% EDTA. Catecholamines were eluted from the alumina with 0.2 N perchloric acid. Aliquots of the alumina eluate were injected onto a liquid chromatographic system for catecholamine analysis, following the method of Eriksson and Persson (16) , with slight modification. Unless otherwise specified, all chemicals were obtained from Fisher Scientific (Fair Lawn, NJ).
Osteocalcin level measurement. Serum osteocalcin levels were measured by ELISA as described (19) . GLU13 OCN (active form) levels were calculated by subtraction of GLA13 OCN (inactive form) levels from total OCN levels.
Body composition. In vivo body composition analysis of lean mass and fat mass was performed on immobilized mice using quantitative magnetic resonance (Minispec LF90II; Bruker Optics, Woodlands, TX).
Gene expression analysis by real-time quantitative PCR. mRNA expression levels were quantified in tissues by quantitative PCR (iCycler; Bio-Rad Laboratories, Hercules, CA) and normalized to ␤-actin expression levels as described (9) . Briefly, total RNA was extracted in TRIzol Reagent (Invitrogen, Carlsbad, CA), and 1 g of RNA was used for cDNA synthesis using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories). Primer sequences are available upon request. Values represent means Ϯ SE; n ϭ 7-8. NE, norepinephrine; WAT, white adipose tissue; CF, control female mice; NTF, mice exposed neonatally to testosterone; CM, control male mice; SC, subcutaneous; PR, perirenal; PG, perigonadal; Mes, mesenteric; NS, nonsignificant. Visceral fat index ϭ (PR ϩ PG ϩ Mes)/SC.
Statistical analysis.
Results are presented as means Ϯ SE unless stated otherwise. Data were analyzed using Student's t-test, one-way ANOVA followed by post hoc analysis using Dunnett's multiple comparison tests, or two-way ANOVA followed by post hoc analysis using Bonferroni test as appropriate. A value of P Ͻ 0.05 was considered statistically significant.
RESULTS
To determine the pathophysiological consequences of neonatal androgenization, we compared littermate control female mice (CF) with female mice exposed neonatally to testosterone (NTF). We also studied age-matched littermate control male mice (CM) to control for the effect of masculinization. We used testosterone enanthate to induce prolonged testosterone exposure for 2 wk [testosterone level at postnatal day 10 (ng/dl); CF: 11.5 Ϯ 2.2; NTF: 107.6 Ϯ 29.1; CM: 34.1 Ϯ 15.3]. However, in adults, NTF and CF showed similar serum testosterone and 17␤-estradiol (E 2 ) concentrations (41) . Consistent with the increased food intake observed in our previous study (41) , NTF, like CM, exhibited an increase in body weight in the prepubertal period, followed by a stable increase after 7 wk (Fig. 1A) . NTF mice displayed a masculinization of lean androgen-sensitive tissues, with elevation in skeletal muscle, heart, and kidney weights (Fig. 1B) . Masculinization of body weight and lean tissue mass were characterized by linear trends such that CF showed the lowest values, followed by NTF and CM, which exhibited the highest values (Fig. 1, A and B) .
Altered white adipose tissue sympathetic tone and adipose dysfunction in NTF mice. CM accumulated proportionally more visceral fat in mesenteric, perigonadal, and retroperitoneal areas than CF mice. NTF mice showed an early masculinization of white adipose tissue (WAT), with a predominantly visceral distribution that exacerbated with age ( Fig. 1, C and D) . Note that in NTF the increase in lean mass compared with CF was observed as early as 4 wk of age (Fig. 1E) . In contrast, the increase in fat mass was observed 2 wk later at 6 wk of age (Fig. 1F) . The sympathetic nervous system is involved in adipose distribution and function (8, 40) and can be programmed in early life (53) . We used NE turnover as a measurement of sympathetic outflow to WAT. CM showed higher NE turnover than both CF and NTF in perirenal depots but no significant sex dimorphism in other depots (Table 1) . Increased NE turnover was associated with an age-dependent increase in perirenal fat in CM compared with both CF and NTF (compare Fig. 1 , C and D, with Table 1 ). Conversely, NTF developed a preferential increase in NE turnover in subcutaneous (SC) and PG depots compared with CF that was indicative of increased sympathetic nervous system outflow in these depots (Table 1) . Notably, in NTF, the increased NE turnover in PG depots was higher than in CM and was associated with an age-dependent increase in PG fat in NTF compared with CM (compare Fig. 1 , C and D, with Table 1 ). Thus, in CM and NTF, the increased sympathetic tone in WAT was associated with increased size of the depot. Note that the group of mice used for the NE turnover study in Table 1 exhibited a milder phenotype than the groups of mice used in the rest of the study and shown in Fig. 1 . As a result, the fat pads used for the NE turnover study did not show weight differences across groups when adjusted for body weight.
With a focus on PG depots, we observed that adipocytes from CM were larger ( Fig. 2A) , and they showed decreased expression of genes involved in de novo lipogenesis, such as Srebpf (encoding the sterol regulatory element-binding protein1c) and its target genes Fasn (encoding fatty acid synthase) and Acaca (encoding acetyl-CoA carboxylase) (Fig. 2B) . We also observed reduced in vivo glucose incorporation into triglycerides (Fig. 2C) . The decrease in insulin-dependent lipogenesis in CM was associated with decreased insulin sensitivity in euglycemic hyperinsulinemic clamp conditions compared with CF (Fig. 2D) . We observed that adipocytes from NTF, like those of CM mice, were enlarged ( Fig. 2A ) and had lower expression of genes involved in de novo lipogenesis. They also had lower lipogenic capacity (Fig. 2C) , which was associated with trend toward reduced insulin sensitivity (Fig. 2D) . Since glucose incorporation into triglyceride was measured during hyperinsulinemic clamp conditions, these data demonstrate that compared with WAT of CF, WAT of CM and NTF is insulin resistant. The serum concentration of adiponectin was sexually dimorphic and lower in CM than in CF mice (Fig. 2E) . Importantly, serum adiponectin concentrations were also lower in NTF, consistent with the observed "masculinization" of adipose tissue (Fig. 2E) .
NTF showed no significant alteration in fasting or random fed blood glucose levels (Table 2) . However, consistent with insulin resistance observed in clamp conditions, NTF and CM exhibited higher serum insulin levels under both fasting and fed conditions (Table 2 ). Insulin resistance during clamp and hyperinsulinemia were characterized by linear trends such that CF showed the lowest values, followed by NTF and CM, which exhibited the highest values ( Fig. 2D and Table 2 ). In addition, NTF and CM exhibited glucose intolerance compared with CF (Table 2) . Consistent with these data, postchallenge glucose was significantly higher in NTF and CM compared with CF (Table 2) .
Decreased osteocalcin activity in NTF mice. Bone-derived osteocalcin has been identified as an endocrine regulator of adiponectin production (31) . Osteocalcin is present in the serum in carboxylated or undercarboxylated form, yet only the undercarboxylated form of osteocalcin acts as a hormone (18, 31) . There were no significant differences among groups in total osteocalcin or the carboxylated inactive form of osteocalcin, GLA13 (Fig. 3, A and B) . However, compared with CF, in CM we observed a decrease in the undercarboxylated active form of osteocalcin, GLU13 (Fig. 3C) , as well as the ratio of active to inactive osteocalcin (Fig. 3D) . We also observed a decrease in the active form of osteocalcin, GLU13, and the ratio of active to inactive osteocalcin in NTF (Fig. 3, C and D) . Thus, males have decreased undercarboxylated active osteocalcin, and this pattern can be programmed in females by developmental androgen exposure.
Altered adipose phenotypical identity in NTF mice. We found that NTF (but not CM) showed adipose hyperplasia, suggesting that in NTF adipose depots, more cells were committed to adipocyte lineage (Fig. 4A) . It has been suggested recently that programmed developmental differences in patterning genes play a role in the differential development of various adipose tissue depots during obesity (20) . We focused on expression of three genes, HoxA5, glypican 4 (Gpc4), and T-box 15 (Tbx15), that have been correlated with fat distribution and obesity (20) . In CF, PG depots expressed higher levels of Gpc4 (Fig. 4C) and HoxA5 (Fig. 4D) , whereas SC depots have higher levels of Tbx15 (Fig. 4B) , as described previously (20) . Since no sexual dimorphism has been described for this gene (20), we did not study males. NTF had a dramatic increase in Tbx15, Gpc4, and HoxA5 expression in SC depots, whereas HoxA5 expression was decreased in PG depots (Fig. 4,  B-D) . Together, these findings suggest that NTF have an acquired loss of adipose cell phenotypic identity in these depots.
Brown adipose tissue dysfunction in NTF mice. Leptin's role in controlling fat mass includes activation of sympathetic outflow to brown adipocytes, leading to the induction of the uncoupling protein-1 (UCP1) with stimulation of thermogenesis and energy expenditure as fat mass increases (11) . In NTF, BAT mass increased similarly to CM mice (Fig. 5A) . To explore sympathetic outflow to brown adipose tissue (BAT) under basal conditions, we quantified NE turnover and expres- sion of Ucp1 in BAT (54) . We found no significant change in NE turnover or Ucp1 expression across groups (Fig. 5, B and  C) . To explore sympathetic outflow to BAT under challenged conditions, we tested the ability of intraperitoneal leptin to upregulate Ucp1 expression. We did not observe differences in leptin-stimulated Ucp1 expression among the groups (Fig. 5D) . We already reported that NTF mice are characterized by leptin resistance that suppresses food intake and reduces body weight (41) . We observed reduced energy expenditure relative to lean mass (41) and reduced energy expenditure relative to whole body weight in NTF (Fig. 5, E and F) . Thus, since NTF were hyperleptinemic (41), there was a relative reduction in leptin's ability to activate sympathetic tone in BAT.
Androgen excess predisposes to adiposity in NTF mice. Because NTF develop adiposity despite normal testosterone and E 2 serum concentrations (41), we wondered whether NT programs the sensitivity to androgen or estrogen with regard to control of fat mass. We explored whether ovariectomy (OVX) followed by tesosterone and E 2 replacement altered the obesity phenotype. In CF, OVX induced a dramatic increase in visceral and SC adiposity (Fig. 6, A-C) as well as whole body fat mass (Fig. 6D) . However, in NTF, OVX had no effect on additional fat accumulation (Fig. 6, A-D) . We then explored the effect of E 2 supplementation. In both OVX CF and NTF, E 2 treatment reduced adiposity to levels similar to sham-operated CF mice, thereby demonstrating that CF and NTF had the same sensitivity to E 2 with regard to suppressing adiposity (Fig. 6, A-D) . We next looked at the effect of testosterone exposure in OVX mice. Testosterone suppressed adiposity in OVX CF (Fig. 6,  A-D) . However, testosterone did not suppress adiposity in OVX NTF (Fig. 6, A-D) . Since NTF do not exhibit increased serum testosterone levels (41), we further explored whether the raising of testosterone levels in NTF, as was observed in women with PCOS, would further predispose to adiposity. Three weeks of exposure to testosterone dramatically increased (ϩ57%) both abdominal and SC fat pads in NTF (Fig. 6, E-I 17-18) . B: total NE turnover was measured in BAT at 9 wk (n ϭ 17-18). C: BAT Ucp1 expression in 24-wk-old mice (n ϭ 10 -18). D: BAT Ucp1 expression in 20-wk-old mice after 24-h fasting, followed by 6 h of 3 g/g ip leptin (L) or vehicle (V) treatment (n ϭ 5-6). E and F: daily (E) and mean energy expenditure (F) (heat) was measured at 20 wk by indirect calorimetry (n ϭ 8) and was corrected for body weight (kcal·kg body wt Ϫ1 ·h
Ϫ1
). Results represent means Ϯ SE. *P Ͻ 0.05; ***P Ͻ 0.001. NTF, CM vs. CF.
against the backdrop of a minor increase in overall body weight (10%) (Fig. 6J) . These findings suggested that NTF are predisposed to obesity during chronic androgen excess. Increases in renal sympathetic tone and hypertension in NTF mice. Since NTF showed alteration in sympathetic outflow in WAT, we also analyzed NE turnover in heart and kidney. Heart NE turnover was similar in all three groups of mice. However, NE turnover was increased in kidney of NTF compared with both CF and CM (Table 3) . Consistent with this phenotype, NTF showed increased diastolic and mean blood pressure without an increase in heart rate ( Table 3) .
DISCUSSION
Neonatally androgenized female mice develop a masculinized body composition with increased lean and fat mass, as observed in males despite normal testosterone levels (41) . One could argue that this phenotype results from an overall increase in growth. We believe that this is not the case since neonatally androgenized female mice have different timings of lean and fat mass growth. More importantly, they develop classical features of cardiometabolic dysfunction that lead to a metabolic syndrome in humans and are not mere masculinization, as we will discuss below. Female mice that are neonatally androgenized, a period corresponding to the second trimester of pregnancy in humans regarding the synaptogenesis of hypothalamic centers controlling adiposity and adipose tissue development (2, 6, 21, 29) , develop many of the metabolic features observed in women with PCOS. These features include increased sympathetic tone, decreased energy expenditure, visceral adiposity with enlarged adipocytes and hypoadiponectinemia, decreased osteocalcin activity, insulin resistance, and hypertension. Male and neonatally androgenized female mice display adipocyte hypertrophy and decreased insulin-dependent de novo lipogenesis compared with female control mice. De novo lipogenesis correlates with smaller adipose cell size in humans and promotes insulin sensitivity (45) . Thus, the decreased de novo lipogenesis in fat of males and neonatally androgenized female mice may explain their increased adipose cell size and insulin resistance (34) . Similarly, males have reduced concentrations of serum adiponectin that are dependent on serum testosterone concentrations (39) . Neonatally androgenized female mice have acquired a decreased or "masculinized" serum adiponectin concentration. The mechanism of this decreased adiponectin set point is unknown, although it could involve dysfunction of larger adipocytes in males and neonatally androgenized female mice. Indeed, larger adipocytes and lower adiponectin are observed in women with PCOS (35) . The skeleton has been identified as an endocrine regulator of both insulin sensitivity and adiponectin via osteocalcin secretion (31) . It is the undercarboxylated form of osteocalcin that acts as a hormone (18, 31) . We observed a previously unknown sex dimorphism in which males have decreased undercarboxylated active osteocalcin. Neonatally androgenized female mice develop a "masculinized," low-undercarboxylated active osteocalcin. In humans, low-carboxylated osteocalcin is associated with insulin resistance (46) . Thus, low-carboxylated osteocalcin could play a role in insulin resistance in male and neonatally androgenized female mice. Osteocalcin activity also correlates with adiponectin levels in mice, with reduced serum osteocalcin levels being associated with decreased adiponectin levels (18) . Thus, in neonatally androgenized female mice, the reduced undercarboxylated active osteocalcin could explain the decrease in serum adiponectin levels. Interestingly, women with PCOS exhibit higher levels of carboxylated inactive osteocalcin (14) . Thus, the neonatally androgenized female mice have yet another similarity with PCOS women, thereby suggesting a role for developmental androgen programming in osteocalcin carboxylation.
Developmental androgen excess programs deregulation of sympathetic tone to SC and perigonadal fat in females that is not a mere masculinization. Indeed, males have increased sympathetic tone in retroperitoneal fat, whereas androgenized females have increased sympathetic tone in SC and perigonadal fat. Activation of central sympathetic efferent to adipose tissue is known to decrease lipogenesis and fat mass (8, 40) as well as reduce cell numbers in mouse adipose tissue (7). Since we observed increased sympathetic tone in WAT accompanied by decreased lipogenesis and increased adipose tissue mass and cell number, the increased sympathetic tone may reflect an adaptative mechanism to counter chronic fat accumulation. How can androgenized female mice retain adiposity despite suppressed lipogenesis? Several mechanisms could be in play. First, the combination of increased energy intake (41) and decreased energy expenditure favors adiposity. Androgenized female mice show reduced energy expenditure in the presence of increased BAT mass but in the absence of increased BAT sympathetic activity. Since the androgenized female mice also exhibit hyperleptinemia, which is not observed in males and is inconsistent with masculinization (41), this suggests that androgenized female mice have acquired a state of BAT hypofunction with failure of leptin to upregulate the expression of the thermogenic protein UCP1. Second, there is programming of adipocyte number and identity that is not masculinization. We observed that expression of developmental genes involved in depot-specific identity is altered in SC adipose tissue. Specifically, HoxA5, Gpc4, and Tbx15 expression are increased. High levels of Tbx15 and Gpc4 expression in SC adipose tissue are markers of visceral fat accumulation in humans (20) . Thus, neonatal androgenization may have altered a developmental program of gene expression that leads to loss of adipose cell phenotypic identity in females' SC and visceral depots. Interestingly, testosterone suppresses preadipocyte growth in ovariectomized female rodents (26) , and we have observed that testosterone suppresses adipose tissue mass in ovariectomized control females. However, testosterone fails to suppress adiposity in ovariectomized neonatally androgenized females. Furthermore, neonatally androgenized females develop obesity when chronically treated with testosterone. Thus, neonatal androgenization may have programmed increased androgen sensitivity of adipose tissue in a manner that favors adiposity during hyperandrogenemia. In such a two-hit hypothesis, developmental androgen excess increases adipose mass and also favors androgen-induced adiposity, thereby setting the stage for the metabolic syndrome that characterizes women with PCOS. Neonatally androgenized female mice have developed an increased renal sympathetic tone associated with increased blood pressure that is not masculinization. The role of renal sympathetic tone in the pathophysiology of salt-sensitive hypertension has been known for some time (13, 27, 49) . In obesity, there is evidence for selective leptin resistance. Indeed, during high-fat feeding (44) , in the agouti obese mouse (12) , and in obese mice with Bardet-Biedl syndrome (42) , there is selective impairment of leptin suppression of food intake and regulation of body weight with maintenance of leptin's ability to stimulate the sympathetic nervous system. Thus, hyperleptinemia increases renal sympathetic tone, thereby leading to hypertension (24, 43) . In neonatally androgenized mice, hyperleptinemia (41) may stimulate renal sympathetic outflow. Prenatal testosterone excess also causes hypertension in female sheep, but the mechanism is unknown (28) . Since neonatally androgenized female mice have elevated sympathetic outflow to kidneys but not to the heart, as well as no increased heart rate, it is likely that neonatally androgenized females have developed hypertension via hyperactivation of renal sympathetic outflow.
In summary, neonatally androgenized female mice develop many features of cardiometabolic dysfunction observed in women with PCOS and that are inconsistent with masculinization. This study reinforces the hypothesis that PCOS originates from developmental androgen excess and shows that the mouse is an excellent model to dissect the role of developmental androgens in the pathogenesis of the cardiovascular and metabolic abnormalities of PCOS.
